Background: The intestinal epithelium is an important barrier that depends on a complex mixture of proteins and these proteins comprise different intercellular junctions. The purpose of this study was to investigate the postnatal and developmental changes in morphology, intercellular junctions and voltage-gated potassium (Kv) channels in the intestine of piglets during the suckling and post-weaning periods. Results: Samples of the small intestine were obtained from 1-, 7-, 14-, and 21-d-old suckling piglets and piglets on d 1, 3, 5, and 7 after weaning at 14 d of age. The results showed that the percentage of proliferating cell nuclear antigen (PCNA)-positive cells and alkaline phosphatase (AKP) activity, as well as the abundances of E-cadherin, occludin, and Kv1.5 mRNA and claudin-1, claudin-3, and occludin protein in the jejunum were increased from d 1 to d 21 during the suckling period (P < 0.05). Weaning induced decreases in the percentage of PCNA-positive cells, AKP activity and the abundances of E-cadherin, occludin and zonula occludens (ZO)-1 mRNA or protein in the jejunum on d 1, 3 and 5 post-weaning (P < 0.05). There were lower abundances of E-cadherin, occludin and ZO-1 mRNA as well as claudin-1, claudin-3 and ZO-1 protein in the jejunum of weanling piglets than in 21-d-old suckling piglets (P < 0.05). The abundances of E-cadherin, occludin, ZO-1 and integrin mRNA were positively related to the percentage of PCNA-positive cells.
Background
The gastrointestinal tract is lined by single layer of epithelial cells which play crucial roles in digestion and the absorption of nutrients, as well as in the maintenance of a physical and functional barrier [1, 2] . Young animals experience abrupt changes and challenges at birth and weaning. The development and maturation of the intestinal tract is important for these animals to survive these changes and maintain intestinal health [3] .
Weaning stress induces marked morphological and functional changes in the small intestine, and generally results in villus atrophy, crypt hyperplasia, increased transepithelial permeability, decreased digestive and absorptive capacity and impaired intestinal barrier [4] [5] [6] [7] . Restitution of the intestinal mucosa is the rapid re-establishment of epithelial integrity and continuity, which includes the migration of epithelial cells adjacent to the injured surface into the wound, followed by epithelial cell proliferation, maturation and differentiation [8, 9] . Differentiated intestinal epithelial cells exhibit increased migration after wounding partially through the activation of voltage-gated potassium (Kv) channel expression, which leads to an increase in the driving force for Ca 2+ influx during restitution [10] . Meanwhile, the integrity of the intestinal epithelial barrier depends on a combination of proteins that constitute multiple intercellular junctions, including tight junctions and adherens junctions [11] [12] [13] .
The present study was conducted to investigate the developmental changes in the morphological structure, mucosal cell proliferation, intercellular junctions and Kv channels in the small intestine of piglets during the suckling and post-weaning periods, which should help to improve the adaptation to weaning in piglets.
Methods
The animal experiments were approved by the Institutional Animal Care and Use Committee of the Institute of Subtropical Agriculture, Chinese Academy of Sciences (2013020).
Animals and experimental design
The animal experimental design was conducted according to the description in the previous study [14] . Sixty-four neonatal piglets (Duroc × Landrace × Large Yorkshire) from 8 litters (8 piglets per litter) were assigned to 8 groups on the basis of different litter origins and similar body weights. All piglets were housed in an environmentally controlled farrowing cage with hard plastic slatted flooring, and had free access to drinking water. To study the postnatal ontogeny morphology in the intestine, piglets were to be nursed by sows until they were 21 d old and samples were to be collected on d 1, 7, 14 and 21 of age. Another group of piglets were weaned at age 14 d and housed in the same farrowing cage without a sow and fed creep feed (Artificial milk 101, Anyou Feed, China); samples were collected on d 1, 3, 5 and 7 post-weaning to investigate the developmental changes in morphology in the intestine. Eight piglets (one from each litter) were slaughtered and weighed at each of the ages shown above; body weights are shown in Table 1 . Five mL of blood was collected aseptically in aseptic capped tubes containing sodium heparin from a jugular vein 2 h after feeding, and centrifuged at 2000 × g for 10 min at 4°C to obtain plasma samples, which were then stored at -80°C for diamine oxidase (DAO) and D-lactate analysis. After being stunned electrically, piglets were killed and the small intestine was rinsed thoroughly with ice-cold physiological saline. The middle segments of the jejunum (2 cm) and ileum (2 cm) were cut and fixed in 4 % formaldehyde or 2.5 % glutaraldehyde for morphological and immunohistochemical analysis. Samples of the jejunal and ileal mucosa were scraped, immediately snap-frozen in liquid nitrogen and stored at -80°C for the determination of alkaline phosphatase (AKP) activity and RNA extraction.
Plasma diamine oxidase and D-lactate
The reaction system for determining the plasma concentration of DAO included 0.1 mL (4 μg), horseradish peroxidase solution (Sigma-Aldrich, St. Louis, MO, USA), 3 mL phosphate-buffered saline (PBS) (0.2 mol/L, pH 7.2), 0.1 mL O-dianisidine methanol solution (500 μg of Odianisidine) (Sigma-Aldrich, St. Louis, MO, USA), 0.5 mL sample and 0.1 mL substrate solution (175 μg of cadaverine dihydrochloride) (Sigma-Aldrich, St. Louis, MO, USA). The processed samples were incubated in an incubator chamber at 37°C for 30 min and measured at 436 nm by a UV/visible spectrophotometer-UV-2450 (SHIMADZU, Kyoto, Japan) [15] . Plasma D-lactate was determined using a Dlactate Assay Kit (BioVision, Mountain View, CA, USA) in accordance with the manufacturer's instructions.
Intestinal morphology
The segments of the jejunum and ileum fixed in 4 % formaldehyde were used to determine morphology using hematoxylin-eosin staining. After dehydration, embedding, sectioning, and staining, images were acquired at various magnifications with computer-assisted microscopy (Micrometrics TM; Nikon ECLIPSE E200, Tokyo, Japan). Villous height, crypt depth, goblet cell and lymphocyte counts were measured by Image-Pro Plus software, Version 6.0 on images at 200-or 400-fold magnification in five randomly selected fields, respectively [4] .
Segments of the jejunum and ileum at higher magnification were also designated for analysis by scanning electron microscopy as described by German [16] and Liu et al. [17] . Briefly, tissue segments were fixed with 2.5 % glutaraldehyde for 2 h at 4°C, and rinsed 3 × 10 min in PBS at 4°C. The tissues were then postfixed in 1 % osmium tetroxide for 12 h at 4°C, and rinsed 3 × 10 min in PBS at 4°C. After dehydration in a graded ethanol series, the tissues stored in tert butyl alcohol for 2 h at room temperature. After samples were mounted onto stubs by means of quick-drying silver paint, the tissues were coated with gold-palladium and examined by a JEOL JSM-6360LV scanning electron microscope at 25 KV. The apparent characteristics of microvillus were observed and described. Alkaline phosphatase activity in the jejunal mucosa
Jejunal mucosa samples were homogenized in 10 volumes (w/v) of ice-cold saline and centrifuged at 6,000 g for 20 min at 4 o C, and the supernatant was used for enzyme and protein analysis. AKP activity was assayed by measuring the release of p-nitrophenol from p-nitrophenyl phosphate using a commercial kit (Beyotime Institute of Biotechnology, Shanghai, China) and normalized to protein content.
Real-time quantitative RT-PCR
The abundances of E-cadherin, occludin, zonula occludens (ZO)-1, integrin, Kv1.1, and Kv1.5 mRNA in jejunal and ileal mucosa were determined by real-time quantitative RT-PCR. Total RNA was isolated from the liquid nitrogenpulverized jejunal and ileal mucosa samples with the TRI-ZOL reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions and quantified by electrophoresis on 1 % agarose gel with the measurement of optical density at 260 and 280 nm. Synthesis of the first strand (cDNA) was performed with 5 × PrimeScript Buffer 2 and PrimeScript reverse transcriptase Enzyme Mix 1 (Takara Biotechnology (Dalian) Co., Ltd, Dalian, China). Primers were designed with Primer 5.0 (PREMIER Biosoft International, Palo Alto, CA, USA) according to the gene sequence of the pig to produce an amplification product, as described in a previous article [18] . Beta-actin was used as a housekeeping gene to normalize target gene transcript levels [19] . The resulting cDNA was diluted and used as a PCR template to evaluate gene expression. The reaction was performed in a volume of 10 μL (ABI Prism 7700 Sequence Detection System; Applied Biosystems, Foster City, CA, USA). Real-time PCR was performed according to a previous study [20] . Briefly, 1 μL cDNA template was added to a total volume of 10 μL containing 5 μL SYBR Green mix, 0.2 μL Rox, 3uL dH 2 
Immunohistochemical analysis
The protein abundances of proliferating cell nuclear antigen (PCNA) in the jejunum and tight junction proteins (ZO-1, Occludin, Claudin-3, Claudin-1) in the jejunum and ileum of piglets were determined using an immunohistochemical analysis as described by Wang et al. [18] . Briefly, tissue pieces were fixed with 4 % paraformaldehyde and then serial paraffin-embedded sections were made. After being dewaxed in xylene and re-hydrated via a graded series of alcohol, the sections were heated by microwave in 0.01 mol/L citral acid solution for antigen retrieval and blocked with 4.5 % hydrogen peroxide in phosphate-saline buffer for 15 min. The sections were incubated with anti PCNA (1:200; Wuhan Boster Biological Technology Co., Ltd., Wuhan, China), ZO-1 polyclonal antibody (1:100; Abcam, Cambridge, UK), Occludin polyclonal antibody (1:100; Abcam, Cambridge, UK), Claudin-3 polyclonal antibody (1:100; Abcam, Cambridge, UK), or Claudin-1 polyclonal antibody (1:100; Abcam, Cambridge, UK) overnight at 4°C, respectively, and then washed three times for 5 min in PBS and incubated with an SV Mouse or Rabbit Hypersensitivity Two-step Immunohistochemical Kit (Boster Biological Technology, Wuhan, China) overnight at 4°C according to the manufacturer's instructions. The sections were washed three times for 3 min with PBS, followed by the addition of diaminobenzidine (Boster Biological Technology, Wuhan, China) as a chromogen for 3 to 5 min, which was strictly controlled under a microscope. Before staining, the primary antibodies were replaced by PBS as a negative control. After being rinsed under cold tap water for 5 min and counterstained with Hematoxylin (Boster Biological Technology, Wuhan, China), sections were dehydrated through an alcohol gradient and covered by general clarity gum. The stained sections were acquired using a (Olympus, Tokyo, Japan), and scored independently by Image-Pro Plus software, Version 6.0. The PCNA labeling index was expressed as the ratio of cells that were positively stained for PCNA to all epithelial cells and the abundances of tight junctions proteins were expressed as the average optical density (the ratio of integral optical density to the area of tissue) in at least 5 areas that were randomly selected for counting at 400-fold magnification. All data are expressed relative to the values in piglets at d 1.
Statistical analysis
All statistical analyses were performed by one-way ANOVA using SPSS software 19.0 (SPSS Inc., Chicago, IL, USA). The differences among treatments were evaluated using Tukey's test. Differences were considered to be significant at P < 0.05. Pearson correlation coefficients were evaluated to describe the relationships between the percentage of PCNA-positive cells or the AKP activity and the relative mRNA abundances of E-cadherin, occludin, ZO-1, integrin, Kv1.1 and Kv1.5 in the jejunal mucosa of piglets.
Results

Plasma concentrations of diamine oxidase and D-lactate
Intestinal permeability was detected by monitoring the concentrations of plasma DAO and D-lactate. As shown in Table 2 
Jejunal and ileal morphology
In suckling piglets, scanning electron microscopy ( Fig. 1) showed that the villi in the jejunum on postnatal d 1 were long, thin and sparse, and then grew shorter, stouter and denser with age. The villi height in the ileum was increased on d 7 and then declined from d 7 to d 21. The results of intestinal hematoxylin-eosin staining showed that the ratio of villus height to crypt depth was highest on d 1 (P < 0.05) and then decreased with age whereas the number of goblet cells in the jejunum increased from d 1 to 21. In the ileum, villus height and the ratio of villus height to crypt depth decreased from 1 d to 21 d of age (Table 3 ) (P < 0.05).
Weaning at 14 d induced a decrease in villi height and density, especially on d 3, but recovered on d7 postweaning in both the jejunum and ileum (Fig. 1) . Within the first week post-weaning after 14 d of age, the ratio of villus height to crypt depth and the goblet cell number were lowest on d 3, while the lymphocyte number was the greatest on d 5 post-weaning in the jejunum (P < 0.05). However, there were no significant differences in villus height, crypt depth or the numbers of goblet cells and lymphocytes between suckling and weanling piglets on d 21 in the jejunum. The lowest villus height and ratio of villus height to crypt depth were observed on d 3 and 5 post-weaning (P < 0.05) , but no differences were observed between suckling and weanling piglets on d 21 in the ileum (Table 3) .
PCNA immunohistochemical staining and alkaline phosphatase activity in the jejunum
Cell proliferation and differentiation of enterocytes were detected by monitoring PCNA labeling index and AKP activity [21, 22] that are shown in Fig. 2 Within the first week post-weaning after 14 d of age, the percentage of PCNA-positive cells in the jejunum was significantly decreased on d 3 (P < 0.05) , but recovered to the original level on d 7 post-weaning. There were no differences in AKP activity in the jejunum among 14-d-old suckling piglets and piglets on days 1, 3, 5, or 7 post-weaning, or between suckling and weanling piglets on d 21 (P > 0.05) (Fig. 2) .
Relative mRNA abundances of E-cadherin, occludin, ZO-1, integrin, Kv1.1, and Kv1.5 in the jejunal and ileal mucosa of piglets
The relative mRNA abundances of E-cadherin, occludin, ZO-1, integrin, Kv1.1 and Kv1.5 in the intestinal mucosa of piglets are shown in Table 4 . In suckling piglets, the mRNA abundances of E-cadherin, occludin and Kv1.5 tended to increase from d 1 to 21 , and rose to their highest levels on d 21 , whereas the Kv1.1 mRNA abundance in the jejunal mucosa was significantly decreased on d 21 (P < 0.05). The relative mRNA abundances of E-cadherin, ZO-1 and Kv1.5, and Kv1.1 in the ileal mucosa were the highest on d 21, 7, and 14, respectively, during d 1 to 21 (P < 0.05).
Within the first week post-weaning after 14 d of age, the abundances of E-cadherin mRNA on d 3 and 5 and ZO-1 mRNA on d 3 after weaning in the jejunal mucosa as well as E-cadherin and ZO-1 mRNA on d 3 and Kv1.1 mRNA on d 3, 5, and 7 in the ileal mucosa were significantly decreased compared with those on d 14 in suckling piglets (P < 0.05). In addition, there were lower abundances of E-cadherin, occludin and ZO-1 mRNA in the jejunal mucosa and of E-cadherin and Kv1.1 mRNA in the ileal mucosa in weanling piglets compared to suckling piglets at d 21 of age (P < 0.05) ( Table 4) .
Correlation analyses showed that the relative mRNA abundances of E-cadherin, occludin, ZO-1 and integrin were positively related to the percentage of PCNA-positive cells (r = 0.843, 0.803, 0.628 and 0.639, respectively) but no correlatively with AKP activity in the jejunal mucosa (Table 5) .
Relative protein abundances of claudin-1, claudin-3, occludin and ZO-1 in the jejunum and ileum of piglets
In suckling piglets, the relative protein abundances of claudin-1, claudin-3, occludin and ZO-1 in the jejunum Values with different letters within the same row are different (P < 0.05) from d 1 to 21 tended to increase and reached their highest levels on d 21 (P < 0.05) ( Table 6 ). The protein abundance of occludin on d 21 was greater (P < 0.05) than those at other ages, and there were no differences (P > 0.05) in the protein abundances of claudin-1, claudin-3 and ZO-1 in the ileum during the suckling period.
Compared with the values in 14-d-old suckling piglets, there were remarkable decreases in the relative protein abundances of claudin-3 on d 3, occludin on d 1, 3, and 5 and ZO-1 on d 1, 3, 5, and 7 after weaning in the jejunum (P < 0.05). Although there was some recovery on d 7 postweaning, the protein abundances of claudin-1, claudin-3 and ZO-1 in the jejunum were still lower than those in 21-d-old suckling piglets (P < 0.05). Compared with the values in 14-d-old suckling piglets, there were remarkable decreases (P < 0.05) in the relative protein abundances of occludin and ZO-1 on d 1, 3 and 5 after weaning in the ileum, while there were no differences in the abundances of any of the proteins examined between suckling and weanling piglets on d 21 (Table 6 ).
Discussion
The gastrointestinal tract of piglets is exposed to a wide array of stress factors during the early postnatal and post-weaning periods, which are characterized by significant growth and morphological changes [23] . The small intestine grows more rapidly than the body as a whole both before and after birth in piglets [24] , and has a 50 % higher relative weight at 24 h after birth than at birth [3] . Intestinal crypt depth increases by 40 % and villi height increases by 35 % [23] . The microvilli of the jejunum on postnatal d 1 were long, thin and sparse, and then grew shorter, stouter and denser with age in the present study, which was associated with an increase in the goblet cell number, which indicates an increase in the absorption area of the intestinal mucosa. Marion et al. [25] demonstrated that the absorption area increased by about 50 % on the first postnatal day and by 100 % during the first 10 postnatal days. A large luminal surface area with optimal enterocyte functional maturity is important for young growing pigs so that they may attain their maximum digestive and absorptive capability.
The intestine of neonatal piglets is also regarded to be anatomically and functionally immature and is hypersensitive to weaning. Weaning stress in pigs has been reported to impair the intestinal architecture and function, which leads to gut-associated disorders and diarrhea [6, [26] [27] [28] . The intestinal mucosa will show a 20~30 % reduction in relative weight during the first 2 d post-weaning, and will need 5~10 d for full recovery [29] . The villus height has a profound effect on the intestinal structure, and may be reduced to 75 % of the pre-weaning values within 24 h of weaning at 21 d of age [30] . In the current study, weaning at 14 d of age induced a decrease in the ratio of villus height to crypt depth in the jejunum and ileum on d 3, 5 post-weaning, which is in agreement with a report that the most serious damage to the intestinal barrier occurred from d 3 to d 5 post-weaning [6, 31] . Along with the reduction in villus height and the increase in crypt depth, Table 4 The relative mRNA abundances of E-cadherin, occludin, ZO-1, integrin, Kv1.1 and Kv1.5 in the jejunal and ileal mucosa of suckling and weaned piglets
Items
Day age Day post-weaning SEM P-value the specific activity of brush-border enzymes has also been shown to decrease to minimum values during d 4 to 5 after weaning [32, 33] . The mucosa of the intestinal tract has the unique ability to repair itself rapidly after damage [34] . Hu et al. [6] suggested that villus height and crypt depth returned to pre-weaning values on d 14 postweaning. In the present study, there were also no significant differences in villus height or crypt depth between suckling and weanling piglets on d 21.
Intestinal and mucosal development is driven by accelerated epithelial cell proliferation [35, 36] , and enhanced proliferation in the crypt area is associated with structural and functional remodeling of the epithelium [37, 38] . PCNA is a 36 kD nuclear protein that is required for DNA synthesis and repair, and is closely associated with DNA polymerase in the S-phase of the cell cycle [39] . The jejunal PCNA labeling index gradually increased in association with the mucosal maturation from d 1 to 21 in suckling piglets. However, it has been shown that weaning stress induced cell cycle arrest, enhanced apoptosis, and inhibited cell proliferation [40] . In the present study, a sharp decrease was observed in the percentage of PCNApositive cells on 3 d post-weaning.
The mucosal restitution process also involves cell differentiation and migration [37, 38] . The rapid mucosal restitution of superficial wounds in vivo is function due to differentiated intestinal epithelial cells from the surface of the mucosa rather than undifferentiated epithelial cells within the crypts [10] . AKP activity, a marker of cell differentiation [22, 41] , increased progressively from postnatal d 1 to 21, which may be explained by the fact that brush border enzymes are glycoproteins for which activity increases with age. However, weaning decreased the maximal AKP enzyme activity and AKP gene expression in the small intestine [42] . In this study, these tended to decrease on d 3 post-weaning (Fig. 2) . A gradual increase in the abundance of Kv1.5 mRNA from d 1 to 21 in suckling piglets and a trending increase at 3 d post-weaning in the jejunal mucosa were also observed. K + channel activation has been associated with growth or differentiation in many cells [43] . An increase in Kv channel expression indicated that it plays a critical role in the process of differentiated intestinal epithelial cell migration after wounding [10] , which has been demonstrated in the regulatory effect of polyamine on mucosal restitution in a previous study [17] .
It has also been demonstrated that weaning of piglets negatively affected small intestinal integrity as indicated by an increase in paracellular permeability [6] . Here, plasma D-lactate and DAO, two well-established markers, were used to estimate intestinal permeability. Increasing in the levels of plasma diamine oxidase and D-lactate was accompanied with injure of intestinal epithelial cells [7, 44] . Only an increase in the D-lactate concentration on d 1 postweaning was observed and there were no differences in DAO content with 7 days post-weaning. These results did not entirely chime with the intercellular junctional proteins, an important component of the intestinal barrier, which is crucial for the maintenance of barrier integrity [45] . The abundances of E-cadherin and occludin mRNA as well as occludin and ZO-1 protein in the jejunum and ileum were decreased on d 3 and 5 post-weaning, which indicated that weaning impaired the intestinal barrier. These results were consistent with the reports of Hu et al. [6] and Xiao et al. [7] , who demonstrated that tight junction protein levels were decreased on d 3 and/or d 7 postweaning. The stress of heat and oxidative damage also disrupted intestinal cell tight junction proteins, resulting in increased permeability to luminal endotoxins [46] . The differences between suckling and weanling piglets at days 15, 17, 19 and 21 of age were not investigated in the Values with different letters within the same row are different (P < 0.05) present study. Although it is not known whether the above changes in morphology and related genes and proteins were due to age or weaning, weaning should play an important part in the damage to the intestinal morphology and barrier. In this study, the abundances of E-cadherin, occludin and ZO-1 mRNA as well as claudin-1, claudin-3 and ZO-1 protein in the jejunum of weanling piglets were lower than those in suckling piglets at age 21 d.
Conclusion
The present results indicated a progressive increase in cell proliferation, AKP activity and intercellular junction protein expression in the small intestine of piglets with age during the suckling period from d 1 to 21. Weaning at d14 of age induced an increase in the plasma D-lactate content and intestinal Kv channel expression, but a decrease in villus height/crypt depth, cell proliferation, AKP activity and the expression of intercellular junction proteins in the small intestine. The most serious damage to the intestinal morphology and barrier occurs on d 3 or 5. While there is an adaptive restoration on d 7 post-weaning, the measured values do not return to the pre-weaning levels. These results should help to improve the adaptation to weaning in piglets. The promotion of intestinal maturation and epithelial restitution may help to alleviate the adverse effects of weaning.
